We report results from optical spectroscopy such as photoluminescence (PL) 
Introduction
In the past few years, the group III nitrides, their alloys, and their heterostructures have experienced considerable interest as wide direct band-gap semiconductor systems with potential applications in photonic devices such as light emitting diodes, lasers, detectors, and electronic devices for high temperature, high power, and high frequencies [1, 2] .
In GaN/AlGaN quantum wells, the interfacial exciton localization results of comparable values of the Bohr radii and the characteristic length of the alloy disorder have been studied [3] . It is obvious that, given an aluminium composition in the barrier layers, the excitonic oscillator strength decreases when increasing the well width [4] . This statement has been experimentally verified by time-resolved spectroscopy [5, 6] . What was found is both the red shift due to quantum confined stark effect and a dramatic increase in the recombination time with increasing well width [7] .
The macroscopic polarization of wurtzite nitrides has a major influence on the design of low-dimensional nanostructures aimed to address the technological goals mentioned above. A sizable redshift of the ground-level transition of GaN/AlGaN and InGaN/GaN quantum wells has been observed by various groups with increasing the well width in the range 1-10 nm [3, 8] .
This phenomenon is sometimes accompanied by the concomitant reduction of the oscillator strength and by the increase in the characteristic decay time of the emission. All together, these effects point towards the existence of a strong built-in electric field in the heterostructures, which causes a substantial quantum confined Stark effect. The early interpretation for such a Stark effect was that it was caused by the strain induced piezoelectric field [9, 10] .
Important consequences have been already reported: "S-shape" dependences of the PL peak energies on the temperature [8] , reduction of the decay time at higher energy as expected for excitons exposed to localization potentials of different depth [11] , non-exponential decay time behaviour across the width of the PL spectra particularly when the detection energy is increased with respect to the peak of the emission [12] and existence of LO phonon replica enhance exciton localization behaviour in different well width undoped GaN/AlGaN nanostructures.
Experiment
Three undoped MQW structures were grown on (0001) sapphire substrates by metal organic chemical vapour deposition (MOCVD). On top of the substrate, a 20-nm thick low temperature grown AlN layer was deposited at low temperature to partly accommodate the large lattice mismatch with the sapphire substrate. A thick nominally undoped GaN buffer layer (about 2 µm) were grown, followed by a multiple QW structure with five periods of GaN QW layers with different widths in different samples (nominally 1.5, 3, and 4.5 nm wide, respectively) separated by about 7 nm wide Al 0.07 Ga 0.93 N barriers. The structure was capped with an identical barrier layer, i.e., the outermost QW barrier faces the surface. For optical excitation in the PL measurements, a cw 266-nm fourth harmonic line of an Nd: Vanadate laser was employed. The PL signal was dispersed by a single grating monochromator and detected by a UV enhanced liquid nitrogen cooled CCD camera. For the transient PL measurements, the third harmonics (ë exc = 266 nm) for a Ti: sapphire femto-second pulsed laser was employed. The PL transients were detected by a UV sensitive Hamamatsu streak camera system with a temporal resolution better than 10 ps. The samples were placed in a variable temperature cryostat for measurements in the temperature range 2-300 K.
Results and discussion
Low-temperature (2 K) cw PL spectra for three representative GaN/Al 0.07 Ga 0.93 N MQW samples with well thickness L w = 1.5 nm, 3 nm, and 4.5 nm are presented in Fig. 1 , respectively. For comparison, the PL spectrum of a GaN buffer layer grown under the similar conditions is also shown in Fig. 1 . For the GaN buffer layer, the dominant triplet transition around 3.475 eV at 2 K is due to the recombination of the ground state of A, B, and C excitons [13] .
In the 1.5 nm well MQW sample, the excitonic doublet transition peak position at 2 K (3.57 and 3.58 eV) is blue-shifted with respect to the GaN buffer layer by an amount of 100 and 90 meV, which is due to the wellknown effects of quantum confinement of electrons and holes as well as the strain. We tentatively interpret peak splitting as evidence of two QW widths dominating the PL spectrum, consistent with the idea that the interface roughness is of the order one or two monolayers [14] .
The temperature dependence of the PL intensity of the two peaks also support this idea, at higher temperatures a thermal excitation of the lower energy peak into the higher energy one is observed in Fig. 2(a) . In the 3-nm well MQW sample, the cw transition peak positions at 2 K are blueshifted with respect to the GaN buffer layer by an amount of 20 meV. Finally, in the 4.5-nm well MQW sample, the cw transition peak positions at 2 K are red-shifted with respect to the GaN buffer layer by an amount of 30 and 60 meV, respectively. A significant downshifted PL peak when going from the thinnest (1.5 nm) MQW sample via the 3 nm to the 4.5 nm MQW is a clear evidence of the influence of the internal electric field on the emission peak energy of the QWs. For the 1.5 nm and 4.5 nm wide QW samples, respectively, a doublet peak is observed at low temperatures, which is consistent with the case when the interfaces exhibit growth islands of lateral dimensions much larger than the exciton Bohr radius [15] .
For the 4.5-nm wide QW, the FWHM of the lowenergy PL peak is about 25 meV, while for the high-energy one it is less than 20 meV. Narrower peaks are observed for the 1.5-nm wide QW sample, where the FWHM of the low and high-energy PL peaks are about 20 meV and 15 meV, respectively. This is consistent with the theoretical prediction of decreasing PL bandwidth broadening for very thin QW layers, as a result of an increasing extention of the exciton wave function into the barrier layer [16] . For the thinnest well (1.5 nm), the energy separation between the two peaks is about 10 meV, which could be resolved if the FWHM of each individual peak is less than 20 meV for the 4.5 nm MQW the energy positions of the two peaks are well below the GaN bandgap at about 3.437 eV and 3.464 eV with a FWHM less than 20 meV, which should allow us to resolve the islands of different thickness. The FWHM of the PL peak of the 3-nm well is a bit more than 25 meV, indicating that it could contain unresolved overlapping of contributions from different well widths.
In our previous report on these samples [17] similar double peaks were tentatively attributed to the recombination of excitons in areas of the QW, which differ in thickness by one lattice parameter (5.2 Å), i.e., two GaN monolayers (MLs). For the narrowest well width, the higher energy PL peak (3.58 eV) corresponds to a thickness of about 6 ML (15.5 Å) and the lower energy PL peak would be assigned to 8 ML (20.7 Å). For the thickest well (4.5 nm), the 3.464-eV peak then corresponds to a thickness of about 18 ML (46.6 Å), and the lower energy peaks (3.437 eV) would be assigned to 20 ML (51.8 Å). Similar spectral effects of well width fluctuations were previously observed in MBE grown AlGaN/GaN QWs by Gallart et al. [18] . The LO phonon coupling strength for QW excitons is typically determined by the localization, i.e., the localization of excitons or carriers strongly enhances the coupling strength [19] . A strong internal field also tends to increase the localization, and consequently the LO phonon coupling strength. An example is shown in Fig. 1 , where the LO phonon replicas of the two strongest 4.5 nm QW excitons are shown. Figure 2(a) shows cw emission spectra of the 1.5 nm well MQW samples measured at different temperatures. We observed two emission lines (3.57 and 3.58 eV at T = 2 K) with the lower-energy emission line being the dominant one at low temperatures. The higher-energy emission line may be related with higher subband transitions and becomes dominant at higher temperatures (T = 200 K). The temperature dependence of the PL peak position of the dominant emission line in the L w = 1.5 nm, 3 nm, and 4.5 nm MQWs has been plotted in Fig. 2(b) . To estimate the carrier or exciton localization energy we studied the temperature dependence of the emission. The QW PL peak is first slightly blueshifted as the temperature increases to 70-80 K, then shifts to low energies as shown in Fig. 2(b) . The PL blueshift with increasing temperature is assigned to the thermal delocalization of QW excitons. The temperature dependence of the dominant emission peak positions can be fitted by the temperature dependence of the bandgap energy using the empirical equation [20] ,
Where E 0 (0) is the transition energy at T = 0 K and á and â are the constants referred to as Varshni thermal coefficients. The solid curves in Fig. 2(b) are the least-squares fit of data by using Eq. (1). The differences between the experimentally determined PL energies (peak position) and the corresponding energy evaluated from the fit at low temperature, gives an estimation of the excitonic localization energy. The fitted values for the GaN buffer layer and
MQWs with L w = 1.5 nm, 3 nm, and 4.5 nm are E 0 (0) = 3.594 eV, 3.529 eV, and 3.474 eV; á = 0.0078 eV/K, 0.001 eV/K, and 0.0007 eV/K; â = 5.92×10 3 K, 1.89×10 3 K, and 0.8×10 3 K, respectively, which are in good agreement with the values reported for the A excitonic gap of GaN [21] . These lead us to around 10 meV localization energy for all samples. It is clear that for the 1.5-nm well MQW sample, the exciton peak position is blue shifted with respect to the buffer layer at all temperatures.
On the other hand, with respect to the GaN buffer layer, the PL emission peaks in the 4.5-nm well MQW sample is red-shifted with the amount of shift decreasing with temperature and become blue shifted at the higher temperature. Such behaviour is related to the effect of piezoelectric fields in these MQWs to be discussed in more detail next.
Time-resolved emission spectroscopy was employed to study the dynamics of optical transitions in GaN/ Al 0.07 Ga 0.93 N MQWs. Figure 3 shows the TRPL spectra of the main emission lines of the 3-nm well MQW samples measured at T = 2 K for several representative decay times. The arrows in Fig. 3 indicate the spectral peak positions at different decay times. An arrow indicates the position of the excitonic transition peak in the GaN buffer layer grown under similar conditions. Several features can be observed for the 3-nm well MQW sample as shown in Fig. 3 . First, the spectral peak position at the decay time tween GaN and AlGaN as well as the large value of the piezoelectric constant in GaN.
Under the influence of the piezoelectric field, optically excited carriers drift apart. The electrons (holes) move toward the direction opposed to (along) the piezoelectric field and the field induced by these spatially separated charge carriers will screen the piezoelectric field. On the other hand, the screening field due to the spatially separated charge carriers decreases with decay time because of the radiative recombination of electrons and holes. At t d = 0, the screening field induced by the photo-excited electrons and holes is strongest, which reduces or partially balances out the piezoelectric field. As the decay time increases, carriers recombine radiatively and the screening field gradually diminishes and the original piezoelectric field restores. Thus, the total amount of shift from t d = 0 to t ® ¥ effectively corresponds to the variation of the electron and hole energy levels in the presence of the piezoelectric field with and without carrier screening, respectively. From this, the piezoelectric field strength can also be estimated. By comparing experimental and calculation results, a lower limit value of the piezoelectric field strength of about 48 MV/m in GaN/Al 0.07 Ga 0.93 N MQWs as well as the electron and hole wave functions have been obtained for a 3-nm well MQW in our previous reports [17] .
Conclusions
Experimental results that demonstrate well width fluctuations by one c-lattice parameter (2ML) of MOCVD-grown undoped Al 0.07 Ga 0.93 N/GaN MQW structures are presented. From cw PL spectra at low temperature (10 K), we observe that the exciton transitions for 1.5 and 3 nm MQWs are blue shifted with respect to the GaN buffer layer and the PL emission peak positions for 4.5 nm well MQWs is red-shifted with respect to the GaN buffer layer. On the other hand, the time-resolved PL spectra of the 1.5 nm, 3 nm, and 4.5 nm well MQWs reveal that the excitonic transition is in fact blueshifted at early decay times due to quantum confinement of carriers and the spectral peak position shifts toward lower energies as the decay time increases and becomes redshifted at longer decay times. It has been demonstrated that the results described above are due to the presence of the piezoelectric field in the GaN wells of GaN/AlGaN MQWs subject to elastic strain together with screening of the photo-excited carriers and Coulomb interaction. Our results show that TRPL spectroscopy is a powerful tool for studying and understanding the piezoelectric effects on optical properties of GaN MQWs and heterostructures. Temperature dependence study of samples reveals an "S-shape" behaviour that implies recombination mechanisms is based on localized exitonic recombination with around 10 meV localization energy.
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